2005). However, such physiochemical processes can also result in large quantities of hazardous metals getting into the resulting sludge which requires further treatment into a type of solid waste. Ashes and sludge containing these hazardous metals are usually more difficult to be treated because of their persistence for both biological and chemical degradation, compared to organic wastes and many other chemical pollutants. Moreover, metal concentration increases after degradation of organic materials. Therefore, sludge or its post-incineration ashes generated from municipal and industrial wastewater treatment processes have also become an increasingly serious problem for many regions in the world. The use of low-cost sorbents has been investigated as an effective way to remove hazardous metals from water. Natural materials or waste products from certain industries having high capacity for accommodating hazardous metals can be employed at lower costs. These sorbents may include bark, chitosan, xanthate, zeolite, clay, peat moss, seaweed and dead biomass (Bailey et al., 1999) . The mechanism of these cost-effective methods is to form a net negative charge to hold the hazardous cations; the large surface area of these materials also contributes to the absorption. Nevertheless, such a mechanism is without chemical bonding and may not be stable enough to resist acidic attacks under certain natural environments. In addition, the spent sorbents may also be subject to the corresponding treatment and disposal. Although a number of processing strategies have the capability to recover metals from solids, metals commonly contained in sludge or spent sorbents are still difficult to be recycled. One common strategy currently adopted to dispose hazardous metal sludge or ashes of incinerated spent sorbent is landfill. However, due to the non-degradable property of metals, leachates of landfills may contain higher levels of hazardous metals, and thus may cause potential pollution to the surrounding land and groundwater resources (Alejandro, 2007a (Alejandro, , 2007b Bilgili 2006) . Therefore, the U.S. Environmental Protection Agency (EPA) has proposed the Land Disposal Restriction (LDR) program to set up more strict standards for land disposal of hazardous sludge. LDR regulation requires that hazardous wastes must meet protective treatment standards before disposal in landfill. It also demands these wastes be stored in secure landfills with no hydraulic contact, restricted access, and continuous monitoring (Shih, 2005; Knecht, 2001) . Since land resources have become more limited while the quantity of wastes is continuously increasing, the cost of landfill process will inevitably be higher in the future. Therefore, strong attention has been focused on the more economical and environmentally friendly alternatives to dispose hazardous-metal bearing sludge. Portland cement is a type of hydraulic cement commonly used around the world. It is produced by pulverizing clinkers consisting essentially of hydraulic calcium silicates and contains one or more forms of calcium sulfate. Portland cement is usually added as a binder to stabilize/solidify heavy metals (Douglas & Brandstetr, 1990) . After a short hydration period, the slurry mixture of heavy-metal wastes and Portland cement can be solidified. As a result, wastes are solidified in the mixture (Hou et al., 2006) . With further mechanistic study of cement solidification, the main stabilization processes are found to be precipitation, chemisorption and encapsulation (Gougar et al., 1996; Andac & Glasser, 1999; Yousuf et al., 1995) , rather than incorporating them into crystalline matrices, and such immobilization mechanisms may be reversible in many conditions. Experiments have showed that Portland cement binders may not be able to prevent heavy metals leaching in acidic environments (Cheeseman et al., 1993; Yousuf et al., 1995) . For example, under the attack of dissolved CO 2 in natural environments, leaching of solidified metals may be highly affected by the decreased pH value (Lange et al., 1997; Andac & Glasser, 1999; Stegemann et al., 2000) .
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However, if hazardous metal ions are incorporated into crystalline matrices of minerals, they may usually achieve higher stability. Glass-bonded zeolite has been developed as a high-level waste form for nuclear waste generated during pyroprocessing of spent fuel from the Integral Fast Reactor (IFR) (Lewis et al., 1994; Sun et al., 1999) . Treated radioactive wastes with remarkable leaching resistivity were then stored in geological repositories. Such a stabilization/solidification method for hazardous metals has been proven to be very promising for radioactive wastes. Nevertheless, if geological repositories or landfill facilities are still needed for disposal of treated wastes, such methods will still pose a serious problem because of paucity of land. If an environmental strategy is able to manage a closed-loop material flow by reusing and recycling hazardous waste to produce marketable products, it can help preserve the environment on a sustainable basis. Besides being a resolution of environmental problems, such a strategy can also create new resources and facilitate production of products. Addition of materials regenerated from waste may impact quality of products adversely but financial returns from sale of the new products can at least compensate the processing cost (André, 2010) . Such a strategy will be a major step toward more sustainable development in the 21 st century. It has drawn high interest from many researchers. Experiments have successfully demonstrated that hazardous metal waste can be sintered into ceramic raw materials to produce new ceramics with excellent leaching resistance (Wiebusch & Seyfried, 1997; Chen & Lin, 2009; Vieira et al., 1999) . Ceramic materials of diverse compositions and characteristics often have a crystalline or partially crystalline structure. They are brittle, hard and strong in compression and weak in shearing and tension, and are able to withstand chemical attack in an acidic or caustic environment. An effective thermal reaction capable of achieving mineral phase transformation could be a beneficial opportunity to convert many types of metals into their more environmentally friendly forms. The beneficial use of waste materials for ceramic sintering processes is a sustainable way of reducing the waste problem and it provides the new raw materials for the industry at the same time. Sintering clays with metal-bearing sludge has been employed to treat waste materials and to generate new bricks and tiles (Wiebusch & Seyfried, 1997; Reinosa et al., 2010; Zhang et al., 2007) . By aiming at industrial application, such ceramic products were sometimes proven to be with even better mechanical performance than traditional bricks and tiles, in terms of properties such as hardness, transverse rupture strength, abrasion and erosion (Vieira et al., 1999) . Hazardous metals immobilized in the new construction ceramic products also show excellent resistance against the leaching test (Zhang et al., 2007) . To create a successful waste-to-resource strategy, the mechanism and efficiency of removing or deactivating pollutants in the waste need to be clearly identified and quantitatively evaluated for reliable control of product safety and quality. In the mechanistic study of thermal reaction, simulation of hazardous metals by their oxides may further illustrate the phase transformation process and provide the basic incorporation efficiency information. Recent works involving mechanistic investigation of stabilizing of nickel and copper waste solids in alumina and iron-rich ceramics have had major breakthroughs in understanding of incorporation efficiencies and product leaching behavior (Hu et al. 2010; Shih, 2005 Shih, , 2006a Shih, , 2006b Shih, , 2007 Tang et al., 2010) . Such findings are crucial for the development of beneficial usage of metal bearing waste materials and for safely blending them into ceramic raw materials for manufacturing marketable products. Therefore, this chapter systematically introduces current developments in identified stabilization mechanisms, incorporation efficiencies, and observed metal leaching properties of product phases. Finally, the derived technical information is organized to suggest the feasibility of this waste-to-resource strategy.
Metal stabilization mechanisms
To facilitate the observation of metal stabilization mechanisms, the corresponding metal oxides were selected to simulate the solidification process and to simplify the system. Nickel and copper were selected as the target metals, and their oxide forms, NiO and CuO, were chosen to simulate metal-bearing sludge for sintering, as most of them exist as oxide forms at high temperatures. Kaolinite and alumina, both commonly found in ceramic raw materials, were used to incorporate nickel and copper. In addition, although iron is not a major element in ceramic raw materials, it often exists in ceramic raw materials as an impurity. Therefore, hematite, a common iron oxide phase, was also selected as a precursor for the incorporation test. As one of the most important processing parameters, sintering temperature was controlled in the range of 800 °C to 1480 °C to be corresponding to the temperature range currently being used in the ceramic industry. For a wider fit with industrial production processes, a short sintering time scheme of 3 h to 6 h was adopted.
Qualitative analysis by X-Ray Diffraction (XRD)
After its discovery by Wilhelm Conrad Röntgen, the X-ray technique has been applied to detect broken bones and metal cracks because of its penetrating ability (Lin, 1983) . In 1919, Hull A. W. found that a crystalline substance gave a unique X-ray diffraction (XRD) pattern, just as a fingerprint. Since then, the XRD technique analysis has become one of the most powerful techniques for identifying crystalline materials and investigating crystal structures (Mittemeijer and Scardi, 2003) . When an X-ray beam impinges a crystalline sample whose atoms or molecules are arranged regularly, the scattered waves interact with each other and form new strengthening or weakening waves, also known as diffraction. The intensity and position of waves (called line profile or peak) in diffraction patterns are different. They can be used to identify the size and shape of the unit cell of the crystalline sample when comparing them with the standard patterns which come from a certain authorized database. In this study, Powder Diffraction Files (PDF) database of International Centre for Diffraction Data (ICDD) was selected as the standard patterns database. Considering that incorporating hazardous metals into ceramic materials leads to phase transformation, XRD technique was employed to investigate the reaction pathways and explore the metal stabilization mechanisms.
Ceramic raw materials
Kaolin, chiefly composed of kaolinite (Al2O3·2SiO2·2H2O), is considered to be one of the richest forms of clay in nature. After being preheated at 700°C for 12 hours, major elemental compositions of the kaolin material used in this study are expressed in their corresponding oxide forms (Fig. 1) . Percentages of Si and Al elements expressed in SiO 2 and Al 2 O 3 forms are 45.1% and 38.6%, respectively, in the sample, similar to theoretical mass percentages (46.5% and 38.6%) derived from its chemical formula. The XRD pattern of kaolin powder also shows kaolinite as the dominant phase, when matching with the Powder Diffraction Files (PDF) database of International Centre for Diffraction Data (ICDD) ( Fig. 2 (a) ).
www.intechopen.com When heated, kaolinite transfers to the other Si-Al phases known as the kaolinite-mullite series. To investigate roles of different phases in incorporation of hazardous metals, phases within the kaolinite-mullite series were produced by heating kaolin raw materials at different temperatures. After heating at 600°C, kaolinite lost its physically bound water and was converted into amorphous substances ( Fig. 2 (b) ), which is believed to be metakaolin (2Al 2 O 3 · 4SiO 2 ), according to previous studies (Brindley and Nakahira, 1959) . When the temperature was at or above 980°C, metakaolin changes into a poorly crystallized phase which may be one of the following reactions: However, metakaolin at 980°C is difficult to be identified by X-ray diffraction technology, due to its poorly crystallized nature. After sintering kaolin at 990°C for 3 hours ( Fig. 2 (c) ), the weak but still detectable peaks at around 2 =37°, 46° and 67° are similar to characteristic peaks of γ-Al 2 O 3 (Zhou and Snyde, 1990) . Transformation is followed by mullite (3Al 2 O 3 · 2SiO 2 ) and cristobalite (SiO 2 ) formation at 1200°C ( Fig. 2 (d) ). When heating temperature reached 1480°C, the intensive peak of cristobalite at around 2 =24° indicated nearly all amorphous silica had been crystallized to cristobalite ( Fig. 2 (e) ). Since aluminium is suspected to be one of the major metals to react with nickel and copper, alumina (Al 2 O 3 ) was also used as a raw material to simulate the processes of metal incorporation. Alumina has several polymorphs, including crystalline corundum (α-Al 2 O 3 ) and metastable phases with defect crystal structures, such as γ-, -and -alumina (Wolverton and Hass, 2000; Zhou and Snyder, 1990) . γ-Al 2 O 3 , an important technological material with high surface area, can be converted from boehimite at 975°C and transformed into corundum by further calcination at above 1200°C (Shih and Leckie, 2007) . Both γ-Al 2 O 3 and α-Al 2 O 3 were used as aluminium-rich precursors to immobilize hazardous nickel and copper metals in this study. As Fig. 3 shows, after heating HiQ ® -7223 alumina powder (boehmite, AlOOH, ICCD PDF#72-0359) at 650°C for 6h and 1500°C for 3 hours, γ-and α-Al 2 O 3 were formed.
Fig. 2. X-ray diffraction (XRD) patterns of (a) USP grade acid-washed kaolin powder, and after being heated at (b) 600 °C/3 h, (c) 990 °C/3 h, (d) 1200 °C/3 h and (e) 1480 °C/3 h. "K" represents the peak positions of the referenced kaolinite (ICDD PDF#78-1996), "G" for γ-Al 2 O 3 , "CT" for cristobalite (SiO 2 , ICDD PDF#76-0938) and "M" for mullite(ICDD PDF#79-1445). 
Spinel formation
When sintering the mixture of nickel oxide and kaolinite, nickel spinel (NiAl 2 O 4 ) was discovered from XRD patterns (Fig. 4(d) ). In that experiment, an extended 6 hour sintering was designed to further facilitate the attainment of near equilibrium and observation of product phases. Molar ratio of Ni and Al was fixed at 1:2, corresponding with the molecular formula of nickel aluminate spinel. At 900°C, the sintered kaolinite was transferred into amorphous metakaolin (Fig. 4(a) ), and no spinel was detected in the calcined mixture of kaolinite and nickel oxide (Fig. 4(c) ). However, when sintering temperature was increased to 990°C, a poorly crystalline phase appeared, as shown in Fig. 4(b) , at 2 around 37°, 46° and 67°. Regardless of the true composition of this defect spinel phase, positions of its diffraction peaks were similar to those of γ-Al 2 O 3 (Zhou and Snyde, 1990) . When NiO was mixed in the same kaolinite precursor, formation of new nickel aluminate spinel phase in the product could be observed due to occurrence of diffraction peaks at different 2 positions (Fig. 4(d) ). Considering the defect spinel structure derived from kaolinite, as shown in Eqs. (1) and (2), the possible mechanism for the formation of nickel aluminate spinel at this sintering temperature may be: Although the presence of NiAl 2 O 4 could be detected at 990°C on sintering NiO and kaolinite, NiO still showed strong XRD peaks in the result (Fig. 4) . Therefore, higher temperatures, such as 1250°C and 1450°C, may be needed to further facilitate the mass transfer process. XRD patterns obtained from products of sintering kaolinite + NiO at 1250°C and 1450°C for 3 hours (Fig. 6(a) and Fig. 6(b) ) reveal that spinel is a primary product phase, together with the crystalline cristobalite (SiO 2 ). The major diffraction peak of cristobalite (2 =21.94°) at 1250°C sintered samples was weaker than the most intensive peak of NiAl 2 O 4 (2 =37.01°), but it turned to be stronger at 1450°C. At 1000°C, mullite starts to form with excess amorphous silica, and the silica crystallizes into cristobalite at a higher temperature. The NiAl 2 O 4 is more likely to be formed from mullite at high temperatures due to the following reactions:
3NiO + 3Al 2 O 3 ·2SiO 2 (mullite) → 3NiAl 2 O 4 + 2SiO 2 (cristobalite)
Eq. (6) was further confirmed by sintering the mixture of mullite, cristobalite and nickel oxide with a fixed molar ratio of Ni : Al : Si = 1 : 2 : 2, at 1250°C for 3 hours. The XRD patterns of the product are provided in Fig. 6 (a), which shows that mullite together with nickel oxide could produce crystalline NiAl 2 O 4 , while cristobalite did not appear to have reacted with nickel oxide.
www.intechopen.com When being sintered with γ-Al 2 O 3 , nickel oxide disappeared in the system of 1450°C (Fig.  6(d) ), while it was still slightly observable in the 1250°C system (Fig. 6(c) ). Nickel aluminate spinel was the only detectable crystalline phase in 1450°C, while the residual NiO and corundum (α-Al 2 O 3 ) existed in the 1250°C system, together with NiAl 2 O 4 . It has been reported that well-crystallized corundum (α-Al 2 O 3 ) could be observed from calcining γ-Al 2 O 3 at above 1200°C (Eq. (7); Shih and Leckie 2007) . Therefore, besides the potential mechanism of Eq. (3) in the low temperature range, nickel incorporation may be proceeded with by two possible steps at higher temperatures:
Feasibility of reaction represented in Eq. (8) was confirmed by the calcined product of α-Al 2 O 3 and NiO with molar ratio of Ni : Al = 1:2 at 1250°C for 3 hours. The XRD pattern in Fig. 7 (b) reveals that NiAl 2 O 4 was the only phase in the product without detectable residual reactants. By comparing the XRD pattern of Fig. 6 (c) to that of Fig. 7(b) , it appears that at 1250°C, the spinel formation rate from sintering α-Al 2 O 3 + NiO is higher than that from sintering NiO + γ-Al 2 O 3 . When the aluminum-rich precursors were replaced by iron-rich precursors, similar spinel formation reaction was observed, as shown in Fig. 7(c 
When being sintered with kaolinite at 1000°C for 3 hours, substantial copper was incorporated into the copper aluminate spinel (CuAl 2 O 4 ) structure, which clearly acted as a host to accommodate the hazardous copper in high temperature environments ( Fig. 8(a) ). The diffraction pattern of sintering the γ-Al 2 O 3 + CuO system at 1000°C for 3 h indicates a large portion of copper in copper oxide has been successfully converted into spinel ( Fig.  8(b) ). The results indicate a feasible way to tackle the copper waste problem by sintering it with kaolinite or other aluminium-rich precursors for marketable ceramic products.
Incorporation efficiency
From the qualitative information provided in the previous section, metal incorporation is found to play an important role in determining composition of the final products. High temperature usually increases the reaction rate and leads to high incorporation efficiency. Sintering time is a parameter highly related to productivity of industrial process and energy cost. Therefore, the quantitative relationship between temperature and incorporation efficiency is of great importance for the design of reliable methods to effectively incorporate the metals into ceramic products. Metal incorporation efficiency at the temperature range www.intechopen.com from 600°C -1480°C was investigated by a 3 h short sintering scheme to reveal such a relation in the metal stabilization process. 
Quantitative XRD technique
Quantitative analysis of XRD data usually involves determination of the amounts in specific phases in a specimen, by modelling the observed XRD patterns. In this study, metal incorporation efficiencies for different precursors and temperatures were estimated by quantitative XRD analysis, using the Whole Pattern Fitting (WPF) strategy to model XRD patterns. The WPF was carried out by using the Pawley method integrated into a XRD data processing software, JADE (Material Data, Inc). Phase quantification by WPF was executed by matching the observed XRD patterns with the PDF database of ICDD. In this study, the weight percentage of each crystalline phase was generated together with the weighted (R) and expected (E) reliability values to indicate the quality of fitting for each refinement. Weighted and expected reliability values are calculated by the following equations:
where I (o,i) and I (c,i) represent the observed intensity and calculated intensity of a fitted data point (i), respectively; I (b,i) is the background intensity of point (i); w (i) is the weight of the data point, as w(i)=1/I(o,i); N is the number of fitted data points and P is the number of refined parameters. The ratio of R/E, which is equal to 1 in an ideal model, stands for "goodness of fit", but due to the existence of background intensity, it's often greater than one.
Transformation ratio
To define metal incorporation efficiency, an index of transformation ratio (TR) was designed, as the following equation: 
where M stands for metal ions (Ni or Cu in this study); X is Al or Fe; and MW means molecular weight. When TR = 0, no metal incorporates into the precursor, while all metal incorporate into precursors when TR = 100%.
Although the large amount of amorphous silica at temperature below 1150°C had made the quantitative analysis difficult, efficiencies of Ni incorporation by kaolinite and mullite precursors are shown in Fig. 9 (a) , which demonstrates that both precursors can achieve a high Ni incorporation efficiency (more than 90%) at temperatures above 1160°C. In Fig. 9 (a), TR of kaolinite + NiO system is around 10% higher than that of mullite + cristobalite + NiO system when sintering at 1150°C for 3 hours. Fig. 9 (b) shows nickel aluminate spinel generated from sintering the two NiO + Al 2 O 3 mixtures at over 600°C. In terms of nickel incorporation efficiency, more than 90% of nickel in the α-Al 2 O 3 precursor was transformed into NiAl 2 O 4 structure at over 1250°C. It is also interesting to find a crossover point of these two alumina systems at around 1150°C in Fig. 9 (b), which demonstrates that reaction of NiO and γ-Al 2 O 3 dominated at lower temperatures while corundum (α-Al 2 O 3 ) precursor facilitated nickel incorporation at higher temperatures. Assigning k 1 , k 2 and k 3 to stand for reaction rates of γ-Al 2 O 3 reacting with NiO (Eq. 3), γ-Al 2 O 3 transforming to corundum (Eq. 7), and NiO incorporating into corundum (Eq. 8), respectively, the higher free energy of γ-Al 2 O 3 leads its reaction with nickel oxide to being more favourable energetically (k 1 > k 3 ) and then further obtains its higher incorporation efficiency at temperature below 1150°C. When temperature was increased, k 2 exceeded k 1 , so reactions of both alumina precursors are likely identical with the case of having α-Al 2 O 3 reacting with NiO.
At high temperatures, silica content may be a potential flux to further facilitate mass transfer during the reaction, and thus the higher TR may occur in the system using kaolinite or mullite as precursors, compared to results of Al 2 O 3 + NiO systems shown in Figs. 9 (a) and 9 (b). Compared to the interaction between nickel oxide and kaolinite under 900°C for 6 hours ( Fig. 4 (c) ), the transformation level of Ni in the NiO + hematite system was already much higher (~90%) even with sintering at 900°C for only 3 hours (Fig. 7) . Furthermore, from TR curves of NiO + kaolinite and NiO + hematite ( Fig. 9 (b) and Fig. 9 (c) ), it appears that the ferrite spinel can be formed at a lower temperature range. This indicates that nickel bearing sludge may first react with iron impurities, before initiating reactions with kaolinite-based ceramic precursors during immobilization of hazardous nickel waste in ceramics.
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For the case of copper incorporation, a low temperature range (650°C -1000°C) was designed to investigate incorporation efficiency. As shown in Fig. 10 , incorporation efficiency of CuO + γ-Al 2 O 3 system is generally higher than that of CuO + kaolinite system. The highest copper incorporation efficiency observed in CuO + γ-Al 2 O 3 system was nearly 90% in TR, when the sample was sintered at 1000°C for 3 hours. Incorporation efficiency of CuO + kaolinite system was also found to increase with increase of sintering temperature, although incorporation efficiency was lower than that of the CuO + γ-Al 2 O 3 system. A maximum of 33% copper incorporation was observed when sintering CuO with kaolinite precursor at 1000°C for 3 hours, and this result may still suggest the important contribution of kaolinite in stabilizing copper in copper-bearing sludge under ceramic sintering processes.
Metal leachability and leaching behavior
Since the major purpose of incorporating hazardous metal waste into ceramic products is to immobilize the waste and prevent contamination of the environment, leachability and leaching behavior of metals from the new product phases are of great importance to determine whether such products are more environmentally benign than their original forms.
Design of leaching experiment
The "Toxicity Characteristic Leaching Procedure (TCLP)" is a method designed by U.S. EPA to determine mobility of both organic and inorganic analytes present in liquid, solid and multiphasic wastes at a laboratory level. For solid phase, extraction fluid # 1 (pH = 4.88 ± 0.05 acetic + NaOH solution) or extraction fluid # 2 (pH = 2.88 ± 0.05 acetic solution) is used for the test, with the amount of extraction fluid equal to 20 times the weight of the solid phase (Environment Protection Agency [EPA], 1992). In this study, 10 ml of the more acidic # 2 extraction solution was applied to leach a 0.5 g solid sample. To further test the spinel leachability over a longer period and under harsher conditions, standard TCLP test was modified by grinding the samples into powders, to reach a larger surface area, as well as for prolonging leaching time to more than 20 days. To further transform reactants into the designated spinels, the same oxide raw materials as were used in the previous spinel formation sections were mixed in molar ratio of 0.5 for Ni/Al, Ni/Fe, and Cu/Al systems to generate single phase NiAl 2 O 4 , NiFe 2 O 4 and CuAl 2 O 4 samples, respectively. Considering more than 98% TR under sintering at 1480°C for 3 hours (Fig. 9) , extended treatment for 48 hours at 1480°C was used to convert NiO + γ-Al 2 O 3 and NiO + hematite into NiAl 2 O 4 and NiFe 2 O 4 , respectively. To form the single phase CuAl 2 O 4 sample, CuO + γ-Al 2 O 3 was under 990°C thermal treatment for 20 days. All products were ground into powders for XRD analysis to confirm the signal phase results in the products, as well as for BET analysis to evaluate their surface areas. The 0.5 g powder sample and 10 mL of # 2 extraction solution were filled into each leaching vial, which was then rotated endover-end during the leaching time. At the designated sampling time, the collected leachate was filtered and diluted to measure ion concentrations by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Four replications of samples collected at each time point were performed to reduce random errors.
Metal leaching results
After thermal processing at 1480°C for 48 hours, the NiO(N) + γ- (d) is trevorite(NiFe 2 O 4 ). The 0.5 g solid sample powder was leached by 10 ml # 2 extraction solution (acetic acid, pH = 2.9) for a period ranging from 0.75 day to 26 days. The mixture of powder sample and extraction solution was rotated end-over-end during the leaching period.
In Fig. 12 , surface-area and metal-content normalized nickel concentrations in leachates illustrate the result of comparing the intrinsic leachability of different nickel bearing phases. Nickel in NiAl 2 O 4 + cristobalite sample was found to be more invulnerable to acid attack, which may be due to encapsulation of cristobalite matrix for nickel aluminate spinel. leachates. The leaching test was conducted using 10 mL TCLP # 2 extraction solution (acetic acid, pH = 2.9) to leach 0.5 g powder for 0.75 day ~ 26 days.
In the 22 days leaching period for copper-bearing phases, similar acid resisting capacity was found for copper aluminate spinel (CuAl 2 O 4 ). As Fig. 14 shows, pH values of CuO leachates increased rapidly in the first two days, and then stabilized at around 4.9. However, pH values of CuAl 2 O 4 leachates (b) were maintained at around 3.1, which indicates that much fewer protons had been consumed from the leaching solution, compared to CuO leachates during the leaching period. The normalized Cu leachability also clearly indicates the higher acid resistance of copper aluminate spinel (Fig. 15) . Very little copper was leached from the CuAl 2 O 4 solid sample; more copper was dissolved from CuO solid after normalization of sample surface area and copper content. The considerable difference between CuAl 2 O 4 and CuO not only implies the superior acid resistivity of CuAl 2 O 4 , but also indicates that the waste containing copper oxide needs further stabilization before disposal. Fig. 15 . Normalized Cu leachablity of (a) CuO; and (b) CuAl 2 O 4 . The CuAl 2 O 4 was prepared by sintering CuO + γ-Al 2 O 3 at 990°C for 20 days. Each leaching vial was filled with 10 ml TCLP extraction solution # 2 (acetic acid with a pH = 2.9) and 0.5 g powder sample. These vials were then rotated for 0.75 day and 22 days. Copper concentrations in leachates were normalized by different surface areas and Cu contents in the solid samples.
Conclusions
To investigate mechanisms of immobilization of hazardous waste metals by ceramic materials, nickel oxide and copper oxide were used to simulate the metal bearing sludge and sintered with a variety of ceramic precursors. The incorporation mechanisms together with reaction efficiencies were also identified to facilitate optimization of metal incorporation. To confirm the environmentally benign property of product phases, a modified leaching test was carried out to evaluate the amounts of leached hazardous metals. The changes of pH values were observed to reflect the degree of metal leaching, and the measured metal concentrations in leachates were normalized by solid surface area and metal content to reflect the intrinsic properties of the product phases. Overall, the current progress of recycling metal bearing waste for ceramic products can be organized as follows. When the sintering temperature is lower than 1000°C, transformation ratio of CuO + γ-Al 2 O 3 system will be much higher than that of CuO + kaolinite system.
•
The normalized copper leachability of CuO was found much higher than that of CuAl 2 O 4 and this indicates that the CuO is quite vulnerable to acid attack, while CuAl 2 O 4 shows much stronger intrinsic acid resistance. As significant amount of nickel oxide was still found as the residual in alumina-rich systems when sintering temperature was below 1140°C, one needs to be cautious in attempts to incorporate nickel-bearing waste at such low temperatures in ceramic products, such as manufacturing of bricks or low-grade porous construction ceramics. However, similar work has revealed that copper bearing waste may be further transformed into copper spinel at temperatures below 1000°C, considering the 87% copper transformation ratio when sintering CuO and γ-Al 2 O 3 . Therefore, the current mechanistic development of incorporating hazardous metals into ceramic products is of great importance as it provides key information on applicability of incorporating different types of metals into marketable ceramic products as a waste-to-resource strategy.
